Objective: Glucocorticoid resistance is a rare sporadic or familial condition that is characterized by generalized, partial resistance to glucocorticoids. It is caused by a mutation in the glucocorticoid receptor-a (GR-a) gene. We aimed to understand the reasons for different phenotypes (severe to asymptomatic) observed in a family with primary cortisol resistance. Design: The genotype leading to cortisol resistance in the family members was investigated and correlated to the clinical phenotype. Method: Three siblings were presented with clinical cortisol resistance, featuring severe hypertension, hypokalemia and hyperandrogenism. Three other siblings and both parents were asymptomatic. Genomic DNA from peripheral lymphocytes was isolated from family members. The entire GR-a coding sequence (exons 2-9) was amplified by PCR and sequenced. Results: A homozygous G679S mutation was present in the three clinically affected subjects. Heterozygous G66A (E22E) and G68A (R23K) polymorphisms and G2035A (G679S) mutation were found in the father and two siblings. Mother and one sibling had only heterozygous G679S mutation. The clinically unaffected subjects showed two different responses to dexamethason. Those with heterozygous G679S mutation and ER22/23EK polymorphism had normal cortisol suppression, whereas those with only heterozygous G679S mutation failed to suppress normally. Conclusions: A homozygous G679S mutation of the GR-a gene is associated with severe cortisol resistance, whereas a heterozygous mutation of the same gene can lead to subclinical cortisol resistance. The effect of the heterozygous mutation was abolished in subjects carrying the ER22/23EK polymorphism.
Introduction
Glucocorticoids are vital steroid hormones with a wide spectrum of functions. These functions are largely mediated through the glucocorticoid receptor (GR). The GR binds glucocorticoid hormones in the cell cytoplasm, translocates to the nucleus, and regulates gene expression (1, 2) . Glucocorticoid resistance is a rare sporadic or familial condition that is characterized by generalized, partial resistance to glucocorticoids, usually without clinical evidence of hyper-or hypocortisolism. Affected individuals will have compensatory elevation in adrenocorticotrophin (ACTH) and cortisol levels that fail to suppress normally by dexamethasone. The effect of very high cortisol levels on renal tubules and the increase in mineralocorticoids due to excessive ACTH stimulation will typically result in hypertension and hypokalemic alkalosis. Excess androgens could result in precocious puberty in affected males and hirsutism and irregular menses in affected females. Irritability and weakness were also reported as symptoms in affected individuals. The clinical picture can vary from mild to severe (3) (4) (5) (6) .
The molecular mechanism of primary cortisol resistance has been attributed to mutations in the ligandbinding domain (LBD) or the DNA-binding domain of the human GR-a gene. At present, five different mutations have been identified in five different kindreds: C1844T (V571A), A2054T (D641V), G2317A (V729I), T2373G (I747M), and a 4-bp deletion at the 3 0 boundary of exon 6. In addition, five more mutations were described in sporadic cases: G1430A (R477H), G2035A (G679S), T1808A (I559N), T2318C (L773P), and T2209C (F737L) (7) (8) (9) (10) (11) (12) (13) . The genotype has been identified as either homozygous mutation with autosomal recessive or heterozygous mutation with autosomal dominant transmission in the familial cases. All the sporadic cases have been identified as heterozygous mutations.
The variable phenotypes among patients of primary cortisol resistance were explained by different functional defects caused by different mutations, even when they affect the same domain (for example the LBD) of the GR-a. Although all such mutations in the LBD would lead to a decrease in ligand-binding affinity, some mutations were associated with delayed translocation to the nucleus after exposure to ligand (V571A, D641V, V729I, R477H, and G679S) or delayed interaction with certain coactivators (I559N, V571A, D641V, V729I, and I747M) (7) (8) (9) (10) (11) (12) (13) . The ability of a heterozygous GR-a gene mutation (I559N and I747M) to exert a dominantnegative effect on the transcriptional activity of wildtype GR-a was due to the inhibition of nuclear translocation of the wild-type receptor (14) .
In the present report, we describe a family with primary cortisol resistance affecting three members severely. Two other members have only abnormal dexamethasone suppression without clinical findings.
Patients and methods

Case presentation
The index patient was a 19-year-old male with longstanding history of severe uncontrolled hypertension and intractable hypokalemia since early childhood. He also had history of precocious puberty. He was misdiagnosed previously as a case of congenital adrenal hyperplasia. He was on large doses of nifedipine, atenolol, enalapril, and aldactone, in addition to dexamethasone (1 mg) daily. The family history revealed hypertension, irregular menses, and hirsutism in his two sisters. Another sister died at an early age (information is not available). Both parents, who were first-degree cousins, were reported to be normotensive and asymptomatic. On physical examination, he was slightly irritable and his blood pressure was sustained at or higher than 220/140 mmHg. Chemical analysis revealed persistent hypokalemia, kaliuresis, and renal impairment due to hypertensive nephropathy (serum creatinine 200-300 mmol/l, normal: 65-115). Table 1 summarizes his hormonal profile. Laboratory results were consistent with severe cortisol resistance. An escalating dose of dexamethasone up to 10 mg three times daily was able to partially suppress the patient's endogenous cortisol and improve his blood pressure. On this dose, morning cortisol was down to 380 nmol/l and urine-free cortisol to 290 nmol/day. His creatinine on this treatment increased initially with an increase in potassium level to 6 mmol/l, but came back to a stable level with a potassium level of 4.6 mmol/l.
Clinical and laboratory studies
The clinical and laboratory evaluations of family members including history, physical examination, chemistry profile, and a standard 1 mg overnight dexamethasone suppression test were done. In the clinically affected members, more detailed hormone profiles were carried out including urine-free cortisol, morning cortisol, ACTH, aldosterone, renin, deoxycorticosteroids (DOCs), testosterone, and 17-OH progesterone.
Detection of GR-a gene mutation
Genomic DNA from peripheral lymphocytes was isolated from affected members as well as healthy subjects of the family following standard procedure.
The entire coding region (exons 2-9) of the human GR-a gene and intron-exon boundaries were amplified in nine separate PCRs as previously described (13) . Each successfully amplified fragment was directly sequenced using the BigDye Terminator V3.1 Cycle Sequencing kit (Applied Biosystems, Foster City, CA, USA), and samples were run on the ABI prism 3100 sequencer (Applied Biosystems). The study was approved by the research advisory council and the ethics committee of our center. Informed consents were obtained from all subjects. 
Results
Family phenotype
The index patient's two sisters (siblings 6 and 7, age 21 and 23 respectively) had severe clinical and biochemical features of cortisol resistance with severe hypertension, marked hirsutism, and irregular menses. In the older sister (sibling 7), persistent hypokalemia and virilization were also noted ( Table 1) . The index patient's mother (age 43) and one of his brothers (sibling 4, age 18) showed no clinical signs of cortisol resistance but had biochemical evidence of such resistance (failure to suppress cortisol by 1 mg overnight dexamethason suppression test; Fig. 2 ). On the other hand, the patient's father (age 45) and two of his brothers (siblings 2 and 3, age 10 and 12 respectively) did not show any evidence of cortisol resistance clinically or biochemically (normal suppression; Fig. 2 ).
Genotype analysis
A homozygous G2035A mutation, changing glycine to serine (G679S) was found in the index patient and his two clinically affected sisters (siblings 6 and 7). All other family members carried a heterozygous G679S mutation (Fig. 1A) . In the father and two siblings (siblings 2 and 3), a heterozygous G679S mutation was found together with two previously reported G66A (E22E) and G68A (R23K) polymorphisms (Fig. 1B) . The mother and one sibling (sibling 4) had only the heterozygous mutation (Fig. 1B) . The distribution of alleles carrying G679S mutation and ER22/23EK polymorphism among family members are shown in Fig. 2 . All the family members with the homozygous G679S mutation (index patient and siblings 6 and 7) demonstrated typical severe clinical and biochemical features of cortisol resistance (Table 1 ). In family members with heterozygous G679S mutation and without ER22/23EK polymorphism (mother and sibling 4), elevated cortisol levels following dexamethasone suppression test were observed: 305 mmol/l for mother and 203 mmol/l for sibling 4 (normal:! 50 mmol/l; Fig. 2 ). Interestingly, among family members with both heterozygous G679S mutation and ER22/23EK polymorphism (father, siblings 2 and 3), the dexamethasone suppression test was normal (Fig. 2) , indicating a possible modulating effect of the ER22/23EK polymorphism on cortisol resistance caused by the G679S mutation. Partial DNA sequences (coding strands) of exon 8 were shown among all the family members. The arrow points to the G-to-A mutation in the exon 8. Homozygous G679S mutation was present in the index patient (sibling 5) and two of his sisters (siblings 6 and 7) whereas heterozygous G679S mutation was found in his parents and brothers (siblings 2-4). (B) Identification of heterozygous ER22/23EK polymorphism of human GR-a gene. Partial DNA sequences (coding strands) of exon 2 were shown among all the family members. The arrows point to the G-to-A polymorphism at the nucleotide 66 (G66A and E22E) and the G-to-A polymorphism at the nucleotide 68 (G68A and R23K) respectively. Heterozygous ER22/23EK polymorphism was found in the father, siblings 2 and 3. 
Discussion
A heterozygous G679S mutation was previously reported in one sporadic case of a young female presenting with hirsutism. She had an increased excretion of urinary cortisol and subnormal suppression of serum cortisol after dexamethasone (7). The mutation was mapped to the LBD of the GR-a gene and was caused by a point mutation at nucleotide 2035 in exon 8 (GGT to AGT), changing glycine to serine (G679S) (7). A following study showed no dominantnegative effect of this mutation on the wild-type gene, indicating autosomal recessive transmission (10) . These data suggest that the wild-type allele cannot fully compensate the defect caused by G679S mutation. We have reported the first kindred of the G2053A (G679S) mutation of the GR-a gene. We have shown variable phenotypes among members of a family with primary cortisol resistance. Although all members carried at least one copy of the mutation, only those with homozygous mutation had marked cortisol resistance and severe clinical features. Carriers of heterozygous G679S mutation were asymptomatic, but were different in their cortisol resistance based on an overnight dexamethasone suppression test. We observed that heterozygous carriers without ER22/23EK polymorphism had abnormal suppression and therefore subclinical cortisol resistance, whereas those who carried the ER22/23EK polymorphism had normal suppression. This unexpected finding could suggest an interaction of the polymorphism with the mutated gene copy, where the polymorphism may mitigate the effect of the mutated gene. Our data also confirm that wild-type allele cannot fully compensate the heterozygous G679S mutation. The reason that our heterozygous family members did not present clinical phenotype is probably due to individual difference in glucocorticoid sensitivity.
Examples of functional influence of single or multiple polymorphisms on the effect of a nearby mutated gene are rare, but nevertheless reported (15) (16) (17) (18) (19) . For example, in hereditary thrombotic thrombocytopenic purpura due to mutation in the ADAMTS13 gene, the polymorphisms R7W and Q448E -that were shown to have positive modifying effect on the gene function in the absence of the mutation -enhanced the detrimental effect of the missense mutation (16) . A polymorphism that mitigates the effect of a nearby mutation was also reported (17) (18) (19) . In the instance of the cardiac sodium channel gene (SCN5A) mutation T512I that results in cardiac arrhythmias, the polymorphism H558R that is located on the same allele of the same gene was shown to attenuate the sodium current defect caused by the mutation (17) . Two other examples of favorable modulation effect against a deleterious mutation by a polymorphism were reported in the DNA polymerase g gene and in the medium-chain acyl-CoA dehydrogenase gene (18, 19) . Our finding of a possible modulating effect of the ER22/23EK polymorphism on the G679S mutation on the second allele of the same gene is therefore unique and interesting.
The ER22/23EK polymorphism in codons 22 and 23 of exon 2 of the GR-a gene was reported with frequency of 8-9% in elderly Dutch population (20) . It is linked to lower glucocorticoid sensitivity and is associated with favorable metabolic profile (20) (21) (22) (23) . Carriers of this polymorphism tend to have lower fasting insulin and low density lipoprotein (LDL) cholesterol levels (21-23) and may have survival advantage (24) . The lower cortisol sensitivity in the polymorphism carriers was attributed in one study to a lower transactivating capacity of the GR (25) , and in another G2035A (G679S) WT G66A (E22E) G68A (R23K) Figure 2 Family pedigree, allele distribution, and serum cortisol level after standard dexamethasone suppression test in affected and non-affected family members in a kindred of primary cortisol resistance. Both father and mother are heterozygous carriers of G679S mutation. Father has allele a (carry ER22/23EK polymorphism) and allele b (carry G679S mutation). Mother has allele c (wild-type WT) and allele d (G679S mutation). The deceased sister died at early age (genetic and medical information is not available).
study to increased expression of less transcriptionally active GR-A isoform (26) . Our finding of normal cortisol sensitivity in patients with ER22/23EK polymorphism and heterozygous G679S mutation -based on standard 1 mg dexamethason suppression test -cannot therefore be explained by the direct effect of the polymorphism on cortisol sensitivity, since it would be expected to result in lower cortisol sensitivity.
The molecular mechanisms of cortisol resistance in the presence of G679S mutation of the GR-a gene were studied in vitro (7, 10) . In addition to the decreased affinity for the ligand when compared with the wildtype GR-a, the mutant receptors demonstrated delayed nuclear translocation, and impaired interaction of the activation function (AF)-2 domain of the receptor with the glucocorticoid receptor interacting protein (GRIP)-1 coactivator (10) . The Kd of GR-a G679S is about twofold higher than that of the GR-a-wild-type (WT) (WTZ0.3 nM and G679SZ0.7 nM for triamcinolon acetonide (7) and WTZ8.8 nM and G679SZ14.8 nM for dexamethasone (10)). Given that the difference in Kd between WT and G679S is relatively small and massive glucocorticoid resistance in G679S homozygous patients, it is likely that the reduced affinity may not be the major cause of glucocorticoid resistance in these patients. The delayed nuclear translocation and impaired interaction of the AF-2 domain of the receptor with the GRIP-1 coactivator might be the most important consequence of this mutation.
The possible modulating effect of the ER22/23EK polymorphism on the G679S mutation cannot be simply explained by improving the mutant receptor binding or its transactivation capacity, since it was shown to have no significant effect on the GR-a binding and rather a negative effect on transactivation (25) . Since the G679S mutation abolishes interaction between AF2 and GRIP-1, one possible explanation for the observed phenotype might be due to GR heterodimers (G679S/ER2223EK) in the heterozygous patients. It is possible that the presence of the ER2223EK variant somehow stabilizes the impaired interaction of the complex with GRIP-1 through the AF1 domain. It is also possible that it is not ER22/23EK which causes the effect, but some other presently unknown factor on the gene that co-inherits with ER22/23EK. Further studies will be needed to confirm these hypotheses
In our patients with homozygous G679S mutation, serum, and urinary cortisol levels were extremely high, as well as androgens and some other steroid precursors. Aldosterone was not elevated in spite of suppressed renin activity due to the effect of very high cortisol on aldosterone receptors in renal tubules, which is likely to be the primary cause of the severe hypertension in our patients. Treatment of patients with cortisol resistance is based on suppressing endogenous ACTH by exogenous steroids. Small-to-moderate doses of dexamethasone or other synthetic steroids are usually used. In severe cases higher doses are needed, but the literature is quite sparse on appropriate treatment and the results of treatment in such cases. In our index patient, 30 mg dexamethasone in three divided doses was required to normalize ACTH, serum, and urine cortisol levels and to improve blood pressure control. One sister required 24 mg dexamethasone in three divided doses to bring her androgen to an acceptable level, whereas her younger sister -who had milder hyperandrogenism -required only 12 mg dexamethasone in three divided doses. Therefore, even among those with homozygous mutations, a degree of variability in phenotypes can be seen.
In summary, we have reported the first kindred of the G2053A (G679S) mutation of the GR-a gene. This mutation resulted in clinically severe glucocorticoid resistance only in homozygous subjects. In heterozygous carriers of this mutation, evidence of cortisol resistance was seen in subjects who did not have ER22/23EK polymorphism. Our study supports an autosomal recessive inheritance with the wild-type allele of GR-a gene compensating, at least partially, for the defect caused by the mutation. We have also demonstrated a positive modulating effect of the ER22/23EK polymorphism on the mutated gene on the other allele.
